4-Chloroindole-3-acetic acid (4-Cl-IAA), isolated from immature seeds of Pisum sativum, [1] [2] [3] has strong hormonal activity as compared to IAA. [4] [5] [6] [7] [8] [9] [10] [11] Its synthesis and biological activities and those of its esters also have been reported. 12,13) Root formation-promoting activities of 4-Cl-IAA and its esters are much higher than the activity of 4-(3-indole)butyric acid (IBA), the active ingredient of a commercially available root formation-promoting agent, the respective promoting activities of 4-Cl-IAA and its ethyl ester being 3.3 and 3.5 times that of IBA for Serissa japonica. 12) We are interested in massproducing tree saplings for reforestation by means of compounds that have strong root formation-promoting activity. We reported that 4-Cl-IAA, 5,6-dichoroindole-3-acetic acid (5,6-Cl 2 -IAA) and their ester derivatives are promising candidates for root formation promoters.
Introduction
4-Chloroindole-3-acetic acid (4-Cl-IAA), isolated from immature seeds of Pisum sativum, [1] [2] [3] has strong hormonal activity as compared to IAA. [4] [5] [6] [7] [8] [9] [10] [11] Its synthesis and biological activities and those of its esters also have been reported. 12, 13) Root formation-promoting activities of 4-Cl-IAA and its esters are much higher than the activity of 4-(3-indole)butyric acid (IBA), the active ingredient of a commercially available root formation-promoting agent, the respective promoting activities of 4-Cl-IAA and its ethyl ester being 3.3 and 3.5 times that of IBA for Serissa japonica. 12) We are interested in massproducing tree saplings for reforestation by means of compounds that have strong root formation-promoting activity. We reported that 4-Cl-IAA, 5,6-dichoroindole-3-acetic acid (5,6-Cl 2 -IAA) and their ester derivatives are promising candidates for root formation promoters. [14] [15] [16] They strongly promote the root formation of tree cuttings by both the soaking and spraying methods. In particular, root formation by spraying has an important advantage because it is easy to massproduce tree saplings for reforestation by that method. 16) In root formation by Serissa plants, 4-Cl-IAA esters that bear one to three carbons in the alcohol part of the molecule also have strong root formation-promoting and other plant growthregulating activities. 12, 13) Our interest is in more polar derivatives bearing three carbons among esters with one to three carbons in the alcohol part of the 4-Cl-IAA ester. We selected lactic acid derivatives of 4-Cl-IAA, polar three-carbon derivatives that bond directly to 4-Cl-IAA, as new candidates for plant growth regulators. The synthesis and plant growth-regulating activities of these L-lactic acid derivatives (1a-1k) of 4-Cl-IAA are reported.
Materials and Methods

Instrumentation
Optical rotation values were measured with a JascoDIP-370 polarimeter.
1 H-NMR spectra were recorded using a Varian INOVA-300 spectrometer, with tetramethylsilane in acetoned 6 as the internal standard. Mass spectra were recorded with a Shimadzu QP-5000 spectrometer, and IR spectra with a Shimadzu FTIR-8600PC spectrometer. Elemental analyses were conducted with a Perkin-Elmer 2400 CHN elemental analyser.
Synthesis 2.1. O-(4-Chloroindole-3-acetyl)-L-lactic acid (1a)
2.1.1. Method 1. Phenacyl L-lactate (3) . L-Lactic acid (19.72 g, 218.9 mmol) was added to a stirred solution of phenacyl bromide (13.63 g, 68.5 mmol) and potassium fluoride (8.75 g, 150.6 mmol) in N,N-dimethylformamide (55 ml) at room temperature. After stirring for 22 hr, the mixture was poured into water and treated three times with diethyl ether. The combined ether layer was washed successively with saturated sodium bicarbonate solution and water, dried over anhydrous sodium sulfate, and evaporated in vacuo yielding crude lactate. The lactate was purified by column chromatography on silica gel with a solvent of 10% and 20% ethyl acetate in n-hexane and recrystallized from ethyl acetate-n-hexane yielding 10 (3, 10 .51 g, 50.5 mmol), N,NЈ-dicyclohexylcarbodiimide (DCC, 10.39 g, 50.4 mmol) and 4-dimethylaminopyridine (DMAP, 0.61 g, 5.0 mmol) were added to a cold, stirred solution of 4-Cl-IAA (2, 10.58 g, 50.5 mmol) in methylene chloride (100 ml). After the mixture was stirred for 8 hr at room temperature and cooled, the resulting precipitate was filtered off and the filtrate evaporated in vacuo yielding crude phenacyl ester. The ester was purified by column chromatography with methylene chloride and recrystallized from ethyl acetate-n-hexane yielding 12.15 g (60.2%) of phenacyl O- (4- After stirring for 1.5 hr at 5°C, the mixture was concentrated in vacuo to half its volume, water added, and the aqueous solution was treated three times with n-hexane. The aqueous layer was then adjusted to pH 2 and treated three times with ethyl acetate. The combined ethyl acetate layer was washed successively with water and saturated brine, dried over anhydrous sodium sulfate, and evaporated in vacuo, yielding crude lactic acid. The acid was recrystallized from methanol-water (1/1) giving pale yellow crystals which were dissolved in sodium bicarbonate and treated with active charcoal. After removal of the charcoal by filtration, the filtrate was acidified with concentrated hydrochloric acid. The resulting crystals were collected by filtration, washed with water, dissolved in ethyl acetate, dried over anhydrous sodium sulfate, then evaporated in vacuo yielding lactic acid which was recrystallized from ethyl acetate-n-hexane affording 80.40 g (77.2%) of O-(4-chloroindole-3-acetyl)-L-lactic acid (1a). (7. 44 g, 71.5 mmol), DCC (14.75 g, 71.5 mmol) and DMAP (0.87 g, 7.1 mmol) were added to a cold, stirred solution of 4-Cl-IAA (2, 10.0 g, 47.7 mmol) in methylene chloride (150 ml). After 3 hr of stirring at room temperature, the resulting precipitate was filtered off. The filtrate was concentrated in vacuo yielding the crude methyl ester. The ester was purified by column chromatography on silica gel with methylene chloride then recrystallized from ethyl acetate-n-hexane giving 10.23 g (72.5%) of methyl O-
Methyl O-(4-Chloroindole
-3-acetyl)-L-lactate (1b)(4-chloroindole-3-acetyl)-L-lactate (1b).
Ethyl O-(4-chloroindole-3-acetyl)-L-lactate (1c)
Ethyl L-lactate (7.08 g, 60.1 mmol), DCC (12.36 g, 60.1 mmol) and DMAP (0.73 g, 6.0 mmol) were added to a cold, stirred solution of 4-Cl-IAA (2, 10.48 g, 50.0 mmol) in methylene chloride (120 ml). After 3 hr of stirring at room temperature, the resulting precipitate was filtered off. The filtrate was concentrated in vacuo yielding the crude ethyl ester which was purified by column chromatography on silica gel with methylene chloride then recrystallized from ethyl acetate-nhexane affording 10.85 g (70.1%) of ethyl O-(4-chloroindole- 
1-Propyl O-(4-chloroindole-3-acetyl)-L-lactate (1d)
DMAP (0.35 g, 2.9 mmol) was added to a cold, stirred solu- 
2-Propyl O-(4-chloroindole-3-acetyl)-L-lactate
(1e) O-(4-Chloroindole-3-acetyl)-L-
1-Butyl O-(4-chloroindole-3-acetyl)-L-lactate (1f)
O-(4-Chloroindole-3-acetyl)-L-lactic acid (1a, 10.0 g, 35.5 mmol) and 1-butanol (7.89 g, 106.0 mmol) underwent the procedure used to synthesize the 1-propyl ester (1d), yielding the crude 1-butyl ester. This ester was recrystallized from diisopropyl ether/n-heptane (1/1) affording 10.75 g (89.7%) of 1- 
(Ϯ)-2-Butyl O-(4-chloroindole-3-acetyl)-L-lactate (1g)
O
(R)-2-Butyl O-(4-chloroindole-3-acetyl)-L-lactate (1h)
(S)-2-Butyl O-(4-chloroindole-3-acetyl)-L-lactate (1i)
O-(4-Chloroindole-3-acetyl)-L-lactic acid (1a, 5.5 g, 19.5 mmol) and (R)-2-butanol (4.05 g, 54.6 mmol) underwent the procedure used to synthesize the 1-propyl ester (1d), yielding the crude (S)-2-butyl ester. This ester was recrystallized from diisopropyl ether/n-heptane (2/1) affording 4.82 g (73. 
1%) of (S)-2-butyl O-(4-chloroindole-3-acetyl)-L-lactate (1i
Isobutyl O-(4-chloroindole-3-acetyl)-L-lactate (1j) O-(4-Chloroindole-3-acetyl)-L-lactic
1-Pentyl O-(4-chloroindole-3-acetyl)-L-lactate (1k) O-(4-Chloroindole-3-acetyl)-L-lactic
Analysis of the enantiomeric and diastereomeric purities of the 4-Cl-IAA-lactic acid derivatives by high performance liquid chromatography on a chiral column 3.1. The enantiomeric purity of O-(4-chloroindole-3-acetyl)-L-lactic acid (1a)
Racemic lactic acid (prepared from 4-Cl-IAA and methyl 
Enantiomeric purities of the methyl and ethyl O-(4-chloroindole-3-acetyl)-L-lactates (1b and 1c)
The racemic methyl and ethyl lactates were separated in a CHIRALPAK IA column (f 4.6ϫ250 mm) by HPLC with a solvent of tetrahydrofuran-n-hexane (1 : 4), at a flow rate of 1.0 ml/min, and a detected UV of 280 nm. The less-polar Llactate (S-enantiomer) and more-polar D-lactate (R-enantiomer) of the methyl ester were eluted at retention times of 11.9 and 12.7 min, respectively. Enantiomers (S and R) of the ethyl ester were eluted at retention times of 10.6 and 11.9 min, respectively. Analysis of the methyl and ethyl O-(4-chloroindole-3-acetyl)-L-lactates (1b and 1c) under the same HPLC conditions gave an enantiomeric purity of 100%.
Diasteromeric purities of the (R)-and (S)-2-butyl O-(4-chloroindole-3-acetyl)-L-lactates (1h and 1i)
In HPLC analysis of the racemic 2-butyl ester in a chiral column (CHIRALPAK AD-H, f 4.5ϫ250 mm, eluent: n-hexane : pentane : ethanolϭ12 : 12 : 1, flow rate: 1.0 ml; detection: UV 280 nm), the less-polar (R)-and more-polar (S)-ester were eluted at retention times of 26.3 and 28.2 min, respectively. HPLC analysis indicated that the (S)-ester did not also include the (R)-ester, whereas the (R)-ester had 4.5% (S)-epimer. This (S)-epimer contamination of the (R)-ester was caused by the (S)-alcohol present in the commercially available (R)-alcohol. Physicochemical properties and biological activities of the (R)-ester were measured in the contaminated ester.
Plant materials and bioassays
Chinese cabbage (Brassica pekinensis cv. Kinshu, Takii Seed Co., Japan) and black gram (Vigna mungo (L.) Hepper, Sakata Seed Co., Japan) seeds, which had been stored at 5°C, were used in the subsequent auxin activity tests.
Hypocotyl growth inhibition test on Chinese cabbage and hypocotyl swelling and the lateral root formation test on black gram
These tests have been described in a previous study. 4) Duplicate bioassays were conducted three times.
Root formation-promoting activity test on black gram cuttings
Duplicate bioassays were conducted twice. An ethanol solution (200 ml) of the sample (5ϫ10 Ϫ3 M) was placed in a deep
Petri dish (f 6ϫ6 cm) and evaporated in vacuo in a desiccator, after which distilled water (100 ml) and a spreading agent (20 ml, Dain, Sumika-Takeda Garden Co., Ltd.) were added. The aqueous solution was then sonicated for 30 min.
Cuttings of young black gram plants were used, which were grown from seeds at 25°C on 'Akadama' soil (Fujimi Gardening Materials Co., Shizuoka, Japan) in an incubator (Shimadzu BEC-II-250HUP) under light of 7000 lux for 16 hr then 3500 lux for 8 hr for 7 days. Eight centimeter cuttings were taken from the tops of about 13 cm young black gram plants. Ten two-leaved healthy cuttings were soaked in the above sonicated aqueous solution, final concentration 1ϫ10 Ϫ5 M, for 24 hr then transferred to water (100 ml) through a hole in the center of the plastic lid of a deep Petri dish (f 6ϫ6 cm), kept in an incubator (Shimadzu BITEC-400L) in the dark for one day then under light (2300 lux) for 20 days. After incubation, the number of induced roots was counted, and root formation-promoting activity was evaluated ( Table 1) . As a control, cuttings were soaked in the same aqueous solution with a spreading agent without the test compound, then the test procedure used for the test compounds was adopted. 4-(3-Indole)butyric acid (IBA) was purchased from Kanto Kagaku Co. Ltd. (Tokyo, Japan) and used as a standard.
Results and Discussion
The lactic acid derivative (1a) of 4-Cl-IAA was synthesized first by the scheme shown in Fig. 1 via the coupling of 4-Cl-IAA (2) and phenacyl L-lactate (3) protected L-lactic acid by phenacyl bromide to avoid racemization. The phenacyl O-(4-chloroindole-3-acetyl)-L-lactate (4) obtained by coupling was deprotected to the L-lactic acid derivative by zinc dust reduction under mild conditions. The lactic acid derivatives of 4-Cl-IAA were also synthesized from 4-Cl-IAA (2) and the methyl L-(5a) or ethyl L-lactate (5b) (Fig. 2) . 4-Cl-IAA (2) was coupled with methyl Llactate (5a), providing methyl O-(4-chloroindole-3-acetyl)-Llactate (1b) in good yield, by dehydration with Mukaiyama's reagent (2-chloro-1-methylpyridinium iodide) in the presence of triethylamine. 17) Methyl and ethyl L-lactate esters of 4-Cl-IAA were also prepared by coupling with N,NЈ-dicyclohexylcarbodiimide (DCC) as the condensing agent. The pyridinium salt is more advantageous for purification of the lactate ester after coupling than is DCC as the condensing agent. L-Lactate was hydrolysed by lithium hydroxide at a low temperature giving free lactic acid (1a) which was esterified with the appropriate alcohols to the corresponding esters (1d-1k).
Enantiomeric purities of the lactic acids obtained by zinc reduction and alkaline hydrolysis by high performance liquid chromatography (HPLC) on a chiral column (CHIRALPAK IA) showed no antipodal enantiomer. These results indicated that no racemization occurred in either synthetic processes. Enatiomeric purities of the lactic acid methyl and ethyl esters (1b and 1c) obtained by HPLC on a chiral column also showed no antipodal enantiomer. These findings are also evidence that there was no racemization in the coupling process (data not shown).
Racemic 2-butyl ester could be separated into its diastereomers (1i and 1j) in an HPLC chiral column (CHIRALPAK AD-H). Analysis of the diastereomeric purity of the (R)-2-butyl ester obtained from this chiral column showed that the (R)-ester alone contained 4.5% (S)-diastereomer due to (S)-alcohol contamination of the original (R)-alcohol. Bioassay results for hypocotyl growth of intact seedlings of Chinese cabbage are shown in Fig. 3 and Table 1 . The inhibitory activities of all the ester derivatives (1b-1k) were stronger than those of free lactic acid (1a) and IAA. Although the inhibitory activities of the esters were higher than the activity of IAA (10 to more than 40 times), their activities were lower than the activity of 4-Cl-IAA. 4) Derivatization of 4-Cl-IAA to lactic acid and its esters (highly oxidized three-carbon derivatives) resulted in a decrease in the inhibitory activity of 4-Cl-IAA. The free lactic acid (1a) unexpectedly had the weakest activity among the lactic acid derivatives. Differences in the carbon chain length of the ester parts of the lactic acid derivatives did not seriously affect their inhibitory activities on Chinese cabbage; only the 1-pentyl ester (1k), with the longest chain of the esters tested, had weak inhibitory activity as compared to the activities of the other esters. The increased lipophilicity of the 1-pentyl ester may account for the decreased inhibitory activity. Bioassay results for hypocotyl swelling and lateral root formation in intact black gram seedlings are shown in Fig. 4 . The 1-propyl (1d), 2-propyl (1e) and (S)-2-butyl (1i) esters caused the strongest hypocotyl swelling and greatest lateral root formation. Their activities were a little weaker than those of 4-Cl-IAA, although they were about 300 times greater than those of IAA, that is, the equivalent hypocotyl swelling and lateral root formation at 3ϫ10 Ϫ4 M of IAA were caused at (R)-2-butyl (1h) and isobutyl (1j) esters also showed strong activities followed by the methyl (1b) and ethyl (1c) esters. Contrary to expectations, among the lactic acid derivatives, the activities of the 1-pentyl ester (1k) and free lactic acid (1a) were very weak, although their respective activities were still 30 and 10 times greater than those of IAA, that is, the equivalent hypocotyl swelling and lateral root formation at 3ϫ10 Ϫ4 M of IAA were caused at 1ϫ10 Ϫ5 M of the 1-pentyl ester (1k) and at 3ϫ10 Ϫ5 M of the lactic acid (1a). Conversion of 4-Cl-IAA to lactic acid and its ester derivatives resulted in a slight decrease in the inhibitory activity in both the black gram and Chinese cabbage tests. All lactic acid derivatives of 4-Cl-IAA, except for the 1-pentyl ester (1k) induced callus on the black gram seedlings as well as 4-Cl-IAA at a concentration of more than 3ϫ10 Ϫ5 M in only three days (data not shown). The biological activities of lactic acid derivatives in promoting adventitious root formation on black gram cuttings are reported in Table 2 . All the esters had strong root formationpromoting activities at 1ϫ10 Ϫ5 M. Their root formation activities were 2 to 4 times larger than the activity of IBA, the active ingredient of a commercially available root formation agent (Seradix and Hormodin). (S)-2-Butyl ester (1i) had the strongest root formation-promoting activity in black gram cuttings among all tested lactic acid derivatives, and the activity was higher than that of 4-Cl-IAA. Promoting activity of the (S)-ester (1i) was markedly higher than that of the (R)-ester (1h). The ethyl (1c), 1-propyl (1d), 2-propyl (1e), and (Ϯ)-2-butyl (1g) esters had similar promoting activity to 4-Cl-IAA; the other esters had moderate activities. Lactic acid (1a), however, did not have strong root formation-promoting activity in this formation test, similar to IAA. At 1ϫ10 Ϫ5 M, all the esters and 4-Cl-IAA uniformly induced many adventitious roots, from top to bottom, on all parts of cutting stems soaked in their solutions, whereas IBA induced roots only on the bottom parts of the cutting stems (data not shown). The lactic acid ester derivatives appear to strongly stimulate the induction of root primordia on all the soaked portions of the plant, as do 4-Cl-IAA and its esters. This type of root induction has also been observed in cuttings of gardenia, cosmos, Rhododendron oomurasaki, and Serissa japonica. 12, 14) Differences in the activities of the L-lactic acid derivative and its esters in the three bioassays might depend on the ease of in vivo hydrolysis to 4-Cl-IAA, an active principle, or affinity to the plant receptors.
In summary, lactic acid derivatives of 4-Cl-IAA showed potent hormonal activities based on three bioassays; in particular, in the root formation-promoting activity test in black gram cuttings. Preliminary root formation-promotion tests are now in progress for the production of saplings from cuttings of trees, flowers, and ornamental plants.
